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Abstract 
This article proposes a new efficient raw signal simulator for the bistatic synthetic aperture radar (SAR) based on 2D fast 
Fourier transform (FFT) to deal with cases of both ideal trajectory and trajectory deviation. It begins with analyzing the geomet-
ric configuration and the range history of the bistatic SAR in side-looking and squint modes of ideal trajectory as well as trajec-
tory deviation. Then a detailed and mathematical study is conducted on the equivalence relation of bistatic-to-monostatic appli-
cations (BTMA) in the case of ideal trajectory and trajectory deviation. Also a set of formulas are derived for the equivalence 
relation between bistatic SAR and monostatic SAR on some reasonable assumptions. Therefore, the application of the simulation 
method based on the 2D FFT for the monostatic SAR can be extended to the case of bistatic SAR. Finally, the simulation results 
prove the validity of this method. By comparing the efficiency of the proposed method with that of the time domain method, it is 
shown that the former is a few orders of magnitude higher. 
Keywords: bistatic synthetic aperture radar; raw signal; simulation; fast Fourier transform 
1. Introduction1
Bistatic synthetic aperture radar (SAR) uses a sepa-
rated transmitter and receiver flying on different plat-
forms to achieve benefits like exploitation of addi-
tional information contained in the bistatic reflectivity 
of targets, forward-looking SAR imaging, or increased 
radar cross section. So it has been drawing sedulous 
attention from researchers in recent years[1-2]. 
One of current studies about bistatic SAR has been 
focused on the effective and precise imaging algorithm. 
In order to verify the imaging algorithm, the SAR raw 
signal reflected from the ground is required. Of course, 
data of real raw signals are an ideal source, but, as is 
well-known, acquisition of them is costly and labori-
ous. Therefore, this article is devoted to develop a 
simulation method to provide a convenient and effi-
cient approach to generate raw signal data for the SAR 
systems[2-4]. 
The traditional raw signal simulation approach is of 
the time-domain type[2-4], which is precise but consume 
enormous time. To overcome this disadvantage, G. 
Franceschetti presented a fast and effective 2-D Fou-
rier domain SAR raw signal simulator[5-9]. It can be 
                                                 
*Corresponding author. Tel.: +86-25-84896491-12516. 
E-mail address: nuaaxwj@nuaa.edu.cn
Foundation item: Ministry Level Proiect 
 
1000-9361 © 2009 Elsevier Ltd.
doi:10.1016/S1000-9361(08)60122-3 
applied to both ideal trajectory and non-ideal trajectory 
cases. Thanks to the high efficiency of fast Fourier 
transform (FFT) algorithm, it is able to generate the 
raw signal for the extended scene in a few minutes. 
However, this simulator is only applicable to the case 
of monostatic SAR. This article tries to extend it to the 
case of bistatic SAR.  
It should be pointed out that this article has only 
reference to parallel flight mode without concern to 
non-parallel flight and fixed transmitter modes.  
2. Geometry Configuration of Bistatic SAR 
The geometry of the bistatic SAR concerned in this 
article can be divided into four types: side-looking 
mode and squint mode with ideal trajectory on one 
side, and side-looking mode and squint mode with 
trajectory deviation on the other.  
2.1. Geometry configuration for side-looking mode 
Fig.1 shows the geometry configuration of bistatic 
SAR in parallel flight for side-looking and strip 
mode[10]. The receiver and transmitter are supposed to 
have been completely synchronized. 
In Fig.1, P is a point scatter in the radar beam illu-
minated region, (x0, y0) denotes its azimuth and range 
coordinates, respectively, RT0 and RR0 denote the ver-
tical distance between the point scatter P and the two Open access under CC BY-NC-ND license.
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Fig.1  Bistatic geometry configuration for side-looking mode. 
flight trajectories, respectively, RT and RR are referred 
to as the distances from P to the platforms at the posi-
tion xn, v0 represents the flight velocity of the plat-
forms. 
Apparently, from the bistatic geometry configura-
tion, the range history between the transmitter and the 
receiver can be expressed by 
2 2 2 2
T0 0 R0 02 ( ) ( )n nR R x x R x x         (1) 
Applying the Fresnel approximation formula to 
Eq.(1), can be obtained 
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Because both the transmitter platform and the re-
ceiver platform operate in strip modes with the anten-
nas points 90q broadside (side-looking), the analysis 
method for monostatic SAR can be used. The range 
history for side-looking monostatic SAR can be ex-
pressed by 
2
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2
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where v denotes the equivalent velocity, r the equiva-
lent range distance, x the equivalent azimuth coordi-
nate. 
Comparing Eq.(3) with Eq.(2), can be obtained 
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By solving Eq.(4) and Eq.(5), can be obtained 
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Consider the conversion relationship of the antenna 
size. As is known, the azimuth resolution of 
monostatic SAR, Ua, can be expressed by 
r T0 R0
a
R02 2
D R RD
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where D denotes the equivalent antenna size, Dr the 
receiver antenna size in the bistatic case. From Eq.(8), 
can be obtained 
r
r
R0 T0/
DD D
R R
K             (9) 
where K = RT0/RR0 represents the ratio of the transmit-
ter range to the receiver range. Eq.(9) represents the 
relationship between the equivalent antenna size and 
the receiver antenna size. 
From Eqs.(7)-(8), can be obtained the azimuth reso-
lution for bistatic SAR 
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a0 a
R0 T0
2
11
R R D
R R
U U
K
   
        (10) 
This result is coincide with the conclusion in the 
reference[11]. 
Eq.(4), Eqs.(6)-(7) and Eq.(10) describe the pa-
rameter conversion relationship between the bistatic 
SAR and monostatic SAR. Now some consideration 
can be given to them.  
First, from Eqs.(6)-(7), can be derived the following 
expression 
T0 R0
T0 R0
1
2
R R
R R
 t      (11) 
It is clear that the equal sign in Eq.(11) is estab-
lished if and only if RT0 = RR0. Similarly, it can be ob-
tained the relationship v t v0 and x t x0 from Eq.(6) 
and Eq.(7). 
Furthermore, note that if RT0 = RR0 and the transmit-
ter and the receiver are at the same position, the 
bistatic SAR turns into the monostatic SAR, in which, 
r = RT0 = RR0, v = v0, x = x0 and Ua0 = Dr /2. 
2.2. Geometry configuration for squint mode 
Fig.2 shows the geometry configuration for the 
 
Fig.2  Geometry configuration for squint mode of bistatic 
SAR. 
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squint mode of bistatic SAR[10]. The transmitter and 
the receiver fly at the same velocity v0 and along a 
parallel trajectory. Tst and Tsr represent the squint an-
gles of the transmitter beam and the receiver beam, 
respectively, Tt and Tr the beam angles of the transmit-
ter and the receiver, respectively, Rfr and Rft denote the 
long sides of the radar beams, P(x0, y0, z0) represents 
the point target in the illuminated zone. It is also sup-
posed that the bistatic SAR system has been fully syn-
chronized. 
(1) Range history 
In Fig.2, the range history between the transmitter 
and the receiver is defined by Eqs.(12)-(13). 
2 2
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where Dt=Tst+Tt /2, Dr=Tsr+Tr /2. 
By applying the quadratic approximation to the 
Taylor series expansion to Eqs.(12)-(13), the range 
history of P(x0, y0, z0) can be expressed as 
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From Fig.2, can be obtained the following relation: 
ft t 0 0 fr r 0 0sin sinR v t x R v t x xD D      '   (15) 
where 'x is a constant. For the convenience of deriva-
tion, let 'x = 0. Substituting Eq.(15) into Eq.(14), 
Eq.(16) can be acquired. 
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(2) Equivalent relationship between squint bistatic 
SAR and squint monostatic SAR 
As is known, the range history of the squint mode of 
monostatic SAR can be expressed by[12] 
2
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where M denotes the squint angle. 
Comparing Eq.(16) to Eq.(17), can be obtained 
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By solving Eqs.(19)-(20), can be obtained: 
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As is indicated earlier, the azimuth resolution of the 
equivalent squint monostatic SAR, Ua, can be ex-
pressed by[11] 
a 2cos
DU M        (24) 
where D refers to the antenna size of the equivalent 
monostatic SAR expressed by 
cos cos
rD X X
r
O O O
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where X denotes the illumination length, O the wave-
length, E the beam angle. Therefore, can be obtained 
a 22 cos
r
X
OU M         (26) 
Substituting Eq.(18), Eq.(21) and Eq.(23) into 
Eq.(26), can be obtained 
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where Dr denotes the antenna size of the receiver of 
the bistatic SAR. Comparing Eq.(24) to Eq.(27), can 
be obtained 
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Eq.(28) shows the conversion relationship for the an-
tenna size. 
With Eq.(18), Eqs.(21)-(23) and Eq.(28), the pa-
rameters pertinent to squint mode bistatic SAR can be 
converted into the equivalent parameters of the 
monostatic SAR. 
Furthermore, from Eq.(23) and Eq.(27), can be ac-
quired the azimuth resolution for the squint mode of 
bistatic SAR expressed by  
r
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This is coincide with the results by Z. Y. Tang[11]. 
2.3. Geometry configuration for side-looking mode 
with trajectory deviation 
Fig.3 illustrates the SAR system geometry with tra-
jectory deviation, in which the azimuth coordinate xn 
and the vectors dT and dR are used to describe the ac-
tual positions of the platforms.  
 
Fig.3  Bistatic geometry configuration for side-looking 
mode with trajectory deviation. 
In Fig.3: 
(1) T T and T R are referred as to look angles of the 
transmitter and the receiver, respectively; 
(2) RT and RR represent the target-to-antenna dis-
tances with the nominal trajectory of the transmitter 
and the receiver, respectively; 
(3) RT0 + GRT0 and RR0 + GRR0 represent the range 
distances with the trajectory deviation of the transmit-
ter and the receiver, respectively. 
From Fig.3, can be obtained the range history as 
follows 
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where the GRT0 and GRR0 terms can be calculated 
through the Carnot Theorem, which are expressed by 
Eqs.(31)-(32) (see Fig.4): 
T0 T T 0 T0 Tį ( )sin[ ( , ) ( )]R d x x R xT Ec c|       (31) 
R0 R R 0 R0 Rį ( )sin[ ( , ) ( )]R d x x R xT Ec c|       (32) 
where dT = |dT| and dR = |dR|. Eqs.(31)-(32) hold true 
when the displacement is small compared with the 
slant range, as it is always the case. In fact, GRT0 and 
GRR0 denote the displacement projections onto the tar-
get line of sight. 
 
Fig.4  Bistatic geometry configuration for side-looking 
mode with trajectory deviation in cross range plane. 
In monostatic SAR with the trajectory deviation, the 
range history can be expressed as follows[8-9] 
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where į ( )sin[ ( , ) ( )],r d x x r xT Ec c c   ( , )x rT c  de-
notes the look angle. ( )d xc  d . The vector d and 
( )xE c  are related to the platform displacements (see 
Fig.4). 
Comparing Eq.(30) to Eq.(33) and taking into ac-
count T0 T0įR R , R0 R0įR R , can be obtained 
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2
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The remaining relationships are the same as Eq.(4), 
Eqs.(6)-(7). 
Now let us consider Eq.(34), it can be rewritten as 
the following terms: 
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From Fig.4, can be acquired 
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In order to solve Eq.(35), we may let  
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2
d dd x c         (37) 
then can be achieved the expression of ( )xE c  as 
shown below: 
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Consequently, the displacement conversion rela-
tionships could be obtained between bistatic SAR and 
monostatic SAR through Eqs.(36)-(38). 
2.4. Geometry configuration for squint mode with tra-
jectory deviation 
Now consider the geometric configuration of the 
squint mode with trajectory deviation (see Fig.5). 
 
Fig.5  Bistatic geometry configuration for squint mode with 
trajectory deviation. 
The range history in the case of the squint bistatic 
can be obtained from Fig.5, which is shown as fol-
lows 
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In monostatic mode, the range history is 
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Comparing Eq.(39) to Eq.(40) and taking into con-
sideration ft ftįR R , fr frįR R , can be obtained 
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2
R Rr            (41) 
The remaining conversion relationships are the same 
as Eq.(18), Eqs.(21)-(23) and Eq.(28). 
Now focus on Eq.(41). From Fig.5, there are: 
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where xn = v0t, .x vtc  By referring to the previous 
approach, the following equations hold: 
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3. 2D Fourier Domain SAR Raw Signal Simulator 
for Monostatic Mode 
3.1. Side-looking mode 
Fig.6 shows the geometry configuration of monostatic 
side-looking SAR[5,13]. 
 
Fig.6  Geometry of monostatic SAR. 
According to Ref.[5], the SAR raw signal can be 
expressed by the following equation: 
( , ) ( , ) ( , , )d dh x r x r g x x r r r x rJc c c c  ³³     (48) 
The 2D Fourier transform of the signal ( , )h x rc c  in 
Eq.(48) can be expressed as 
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where * ([,K) is the Fourier transform of the reflecti- 
vity coefficient J (x, r), and the transfer function 
G([,K, r) can be approximated to 
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The transfer function G([,K,r) in Eq.(50) exhibits 
band limited filter form where the azimuth and range 
spatial bandwidth are a and b, respectively. 
From Eq.(49), the Fourier transform of the raw sig-
nal could be obtained. Next a 2D inverse FFT (IFT) 
will be performed to obtain the raw signal. 
3.2. Squint mode 
In the case of the monostatic squint mode, G([,K,r) 
in Eq.(50) can be expressed as follows[5] 
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where 2 2 /( sin )a aDF O M|  and d 2a[ F . 
3.3. Trajectory deviation 
Referring to Refs.[9]-[10], it is shown that in the 
case of trajectory deviation, the raw signal can be ob-
tained from the ensuing block scheme (see Fig.7), 
where the input spectrum of the raw signal can be ex-
pressed as 
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H
r r G l r F l l r l
[ K
K [ K [ K
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Fig.7  Block scheme of raw signal simulation for trajectory 
deviation. 
For the detailed definition of the above symbols, re-
fer to Refs.[9]-[10]. It should be pointed out that the 
transfer function G(g) in Eq.(53) is the same as in the 
case of ideal trajectory.  
Since solving Eq.(53) is a laborious computational 
task, it is urged to find a simple efficient way. 
It has been shown that if the SAR system satisfies 
the narrow azimuth beam and arbitrary track devia-
tions, there has a fast approach to calculate Eq.(53)[9]. 
Thus, Eq.(55) can be simplified into 
( , , , ) ( , )exp( j ( , ))f x x r x r x rK J K\c c   (56) 
Accordingly, Eq.(54) can be rewritten as 
( , , , ) ( , ) ( , , )F l r r Q l rF K * F K      (57) 
where 
4ʌ( , , ) FT exp j ( , )xQ l r x rK K \Oc
­ ½ª º§ · c  ® ¾¨ ¸« »© ¹¬ ¼¯ ¿
  (58) 
Therefore, Eq.(53) can be evaluated with the  
FFT codes. For the evaluation block scheme, refer 
to Ref.[10]. 
Now it is due time to make some discussion about 
Eq.(56) and Eq.(58) to be used for bistatic SAR. 
(1) Side-looking mode 
In the case of side-looking, the ( , )x r\ c  term in 
Eq.(56) is modified to be 
r 0
0
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c c c |
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(59)
 
where r0 is the slant range from the platform to the 
midrange of the illuminated area. 
(2) Squint mode 
In the case of squint mode, the ( , )x r\ c  term in 
Eq.(56) is expressed by 
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c |
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4. Simulation
In this section, some simulations will be carried out 
to verify the effectiveness of proposed simulator. Fig.8 
shows the flow chart of the raw signal simulator and 
Table1 and Table 2 list the simulation parameters. 
 
Fig.8  Flow chart of raw signal simulation. 
Table 1  Bistatic SAR simulation parameters in 
side-looking mode
Simulation parameters Transmitter Receiver 
Velocity/(mgs1) 100 100 
Carrier frequency/GHz 9.5 9.5 
Chirp duration/Ps 5  
Pulse repetition frequency/Hz 400  
Chirp bandwidth/MHz 45  
Altitude/m 8 000 5 000 
Mid-range/km 11.32 9.43 
Antenna size/m 2 2 
Table 2  Bistatic SAR simulation parameters in squint 
mode
Simulation parameters Transmitter Receiver 
Velocity/(mgs1) 100 100 
Carrier frequency/GHz 9.5 9.5 
Chirp duration/Ps 5  
Pulse repetition frequency/Hz 400  
Chirp bandwidth/MHz 45  
Altitude/m 8 000 5 000 
Squint angle/(q) 5 3 
Mid-range/km 11.32 5 500 
Antenna size/m 2 2 
4.1. Simulation with ideal trajectory 
The simulation with ideal trajectory is carried out in 
the following order: 
(1) Determine the bistatic SAR parameters and the 
reflectivity coefficient. 
(2) Convert the related parameters into equivalent 
monostatic SAR parameters with the help of Eq.(4), 
Eq.(6), Eq.(7), Eq.(9), Eq.(18), Eqs.(21)-(23) and 
Eq.(28). 
(3) Generate the raw signal for the equivalent 
monostatic SAR. 
(4) Compare the phase of raw signal with that with 
the time domain method to verify the effectiveness of 
the proposed simulator. 
(5) Use the range Doppler imaging algorithm to ob-
tain SAR images [14]. 
For example, consider a situation, in which a single 
point is placed on a completely absorbing background. 
In this case, the SAR raw signal can be computed di-
rectly with the time domain method. Accordingly, it is 
possible to compare the raw signal simulated with the 
proposed method to the actual signal. Figs.9-10 re-
spectively show the azimuth and range cuts of the 
phase error in the case of bistatic side-looking mode. 
So do Figs.11-12 in the case of bistatic squint mode. 
From them, it can be observed that most of the phase 
errors are limited within an acceptable range of about 
0.05 rad[9] except for those at the very edges where they 
might reach about 0.25 rad (i.e. 14q). Furthermore, 
 
Fig.9  Azimuth cuts of phase error in the case of side- 
looking mode. 
 
Fig.10  Range cuts of phase error in the case of side-look-
ing mode. 
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 Fig.11  Azimuth cuts of phase error in the case of squint 
mode.  
 
Fig.12  Range cuts of phase error in the case of squint mode. 
phase errors are mainly due to the use of the stationary 
phase theorem[9]. 
In order to offer an intuitive perception, the corre-
sponding simulated SAR images will be presented 
below. Note that the input reflectivity coefficient is just 
a bit-map image, for convenience (see Figs.13-14). 
 
       (a) A point scatter                   (b) A tank target 
Fig.13  Simulated images in the case of side-looking mode. 
 
    (a) A point scatter                    (b) A tank target 
Fig.14  Simulated images in the case of squint mode 
Finally, in order to explain the efficiency of the 
simulator based on 2D FFT, we have simulated the raw 
signal in the side-looking bistatic case corresponding 
to an extended scene. The corresponding simulation 
time is about 2 s on a Core(TM)2 Duo 2.33 GHz CPU. 
Next compare the number of complex multiplication 
needed by the time domain method, NT, to that by 2D 
FFT method, NF. The NT can be expressed as follows: 
2 2
st a rN N N|            (61) 
c a r 2 a r[1 1.5log ( )]N = N N N N         (62) 
where Na is the azimuth dimension (pixels) and Nr the 
range dimension (pixels). It is obvious that the 2D FFT 
method is faster in computation than the time domain 
method and is especially suitable for the simulation of 
extended scene. 
4.2. Simulation with trajectory deviation  
In the case of trajectory deviation(see Fig.15), the 
same SAR system parameters as those in the above 
sections are adopted to perform the simulation to ver-
ify the proposed method. The corresponding parame-
ters are converted into equivalent ones for monostatic 
SAR with Eq.(34), Eq.(4), Eqs.(6)-(7), Eqs.(36)-(38), 
Eq.(18), Eqs.(21)-(23), Eq.(28), Eqs.(45)-(47). Note 
that in this section, the platforms are supposed to move 
along a trajectory that is not ideal. For convenience, 
both transmitter and receiver are assumed to be with 
the following trajectory deviation. 
 
Fig.15  Trajectory deviation. 
Next, the same procedure will be followed with the 
ideal trajectory to perform the simulation to validate 
the new proposed method. The raw signal simulation 
for one single point scatter is firstly considered. Simi-
larly, attention is paid to the phase errors between the 
proposed method and the time-domain method. 
Figs.16-17 show the azimuth and range cuts of phase 
error in the case of bistatic side-looking mode with 
trajectory deviation, respectively. So do Figs.17-19 in 
the case of bistatic squint mode. Again, it can be seen 
that most of the phase errors are limited within a small 
range. The simulation results illustrate the validity of 
the proposed method. Also, Figs.20-23 show the 
simulated images with the squint trajectory deviation.  
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Fig.16  Azimuth cuts of phase error in the case of side- 
looking mode with trajectory deviation. 
 
Fig.17  Range cuts of phase error in the case of side-looking 
mode with trajectory deviation. 
 
Fig.18  Azimuth cuts of phase error in the case of squint 
mode with trajectory deviation. 
 
Fig.19  Range cuts of phase error in the case of squint mode 
with trajectory deviation. 
 
Fig.20  Simulation results in the case of side-looking mode 
with trajectory deviation without compensation for 
motion and focus depth. 
 
Fig.21  Simulation results in the case of side-looking mode 
with trajectory deviation after compensation for 
motion and focus depth[15]. 
 
Fig.22  Simulation results in the case of squint mode with 
trajectory deviation without compensation for mo-
tion and focus depth. 
 
Fig.23  Simulation results in the case of squint mode with 
trajectory deviation after compensation for motion 
and focus depth. 
Finally, evaluate the efficiency of the method in 
computation with trajectory deviation. The amount of 
the complex multiplication is: 
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c a r 2 a(2 log )N = N N N       (63) 
Compared with Eq.(63), it proves much more time- 
consuming, but still more efficient than Eq.(61). 
5. Conclusions
This article has presented a raw signal simulator for 
bistatic SAR in side-looking and squint modes with 
ideal trajectory as well as with trajectory deviation.  
The geometry of bistatic SAR has been analysed for 
both ideal trajectory and trajectory deviation. It is 
found that the bistatic SAR can be made to be equiva-
lent to the monostatic SAR. Subsequently, a set of 
equations has been derived to convert the parameters 
of the bistatic SAR into those of the monostatic SAR. 
As a result, the 2D Fourier domain SAR raw signal 
simulator for the monostatic SAR both with ideal tra-
jectory and trajectory deviation can be extended into 
the bistatic SAR. Finally, some relevant simulation 
results are presented, which show minor phase errors 
between 2D FFT method and time domain method in 
most cases. Also, the efficiency of the simulator has 
been evaluated by comparing the calculated results of 
this simulator to those of the time-domain method. The 
results prove that the raw signal simulator proposed by 
this article is applicable and effective. 
It should be noted that this simulator do not fit in 
with the non-parallel flight and the fixed transmitter 
modes. To extend application of this simulator to the 
two modes is worthy of devotion. 
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